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ABSTRACT
A rheological study was made of a liquefaction startup- 
feed slurry. The slurry consisted of North Dakota lignite 
sized to 70% less then 200 mesh and a carrier solvent of an­
thracene oil. The rheological behavior of the slurries,
owith coal concentrations of 0 to 40% at 40 C, was shown to 
be Newtonian, allowing Bernoulli's equation to be used for 
direct calculation of pressure drop. Calculated values pre­
dicted the measured data within 10% for the test conditions.
The investigation used an experimental slurry loop, con­
sisting of a bank of pipes with nominal sizes ranging from 1 
inch (2.54 cm) to 3/8 inch (0.95 cm), to determine the actu­
al pressure drops for the slurries. The pressure drops were 
found to range from 0.064 psi (4.43xlOJ dynes/cm ) for an­
thracene oil pumped through the 2.54 cm pipe to 11.71 psi 
(8.07xl05 dynes/cm2) for the 40% coal slurry pumped through 
a 0.95 cm pipe.
A Brookfield Rheolog viscometer was used to determine 
viscous behavior of samples taken from the runs. Using lin­
ear regression analysis, a straight line through zero was 
obtained for torque vs. angular velocity for each sample 
with correlation coefficients greater then 0.98. Viscosi­
x
ties of the samples ranged from 23.3 centipoise for anthra­
cene oil to 286.6 centipoise for the 40% coal slurry. A 
statistical comparision indicated that calculated and exper­
imentally measured pressure drops were not significantly 




Since the Arab embargo of 1973 there has been an expanded 
effort to better utilize our coal reserves. The embargo 
brought home how dependent our country had become on foreign 
oil. One of the technologies that has had considerable in­
vestigation, as a partial solution to such dependency, is 
the direct conversion of coal to liquid or low-melting sol­
ids. For direct liquefaction to occur, hydrogenation of the 
coal must take place. Direct Liquefaction processes cur­
rently being investigated are the H-Coal, Solvent Refined 
Coal (SRC), Hydrogen Doner, and the Carbon Monoxide-Steam 
(CO-Steam) processes. In all the processes, coal and a car­
rier solvent are pumped into a reactor at an elevated temp­
erature and pressure in the presence of a reaction gas, hy­
drogen or synthesis gas (50:50 hydrogen:carbon monoxide) 
(1 ,2 ) .
In North Dakota large resources of lignite, estimated to 
be 3.5x10'*--*- tons, exist in the western portion of the state 
(3). The University of North Dakota (UND) has long had an 
interest in developing technologies to expand the use of 
this coal. With financial support from the federal goven- 
ment UND staff operated Project Lignite and currently oper-
1
2
ates the University of North Dakota Energy Research Center 
(UNDERC).
Liquefaction research at UNDERC was initiated in 1975 in 
support of development of the CO-Steam process. The process 
provides hydrogen by the reaction of carbon monoxide with 
steam and hydrogenation of the lignite occurs without the 
addition of a catalyst. Presently, in a 2.27 kg/hr (5 lb/ 
hr) continous process unit (CPU), lignite and a solvent are 
reacted with synthesis gas in a tubular reactor under ele­
vated temperature and pressure, light oils and water are re­
moved, and to enhance product yield, the remainder of the 
product stream is recycled with added lignite, which leads 
to an increase in the viscosity of the slurry (2). Viscosi­
ty control is a major concern in direct liquefaction and re­
liable rheological information is necessary for proper de­
sign of process units.
Chapter II
DEFINITIONS, TYPES, AND MATHEMATICAL MODELS OF
VISCOUS BEHAVIOR
2.1 DEFINITION OF VISCOSITY
Viscosity is a measure of fluid friction and is a result 
of internal friction which occurs when a layer of fluid 
moves in relationship to another. A highly viscous fluid is 
one possessing a high internal friction and will not pour as 
easily as a material with less (4).
Consider a fluid between two large parallel plates of 
area A which are separated by a small distance Y. The sys­
tem, initially at rest, is set in motion at a velocity of V. 
As time proceeds, the fluid gains momentum and eventually 
reaches a steady state. When this state has been attained, 
a constant force F is required to maintain the motion of the 
lower plate. This force can be expressed as follows:
The force per unit area is proportional to the velocity 
through distance Y. The constant of proportionality (t-0 is 
called the viscosity of the fluid (5).
3
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The shear stress exerted on the fluid along the x-axis on 
the constant fluid surface y is designated as TXy , and the 
x-component of the fluid velocity is vx using these symbols 
equation 2:1 can be rewritten as the directional equation:
Tx y  = 2 : 2
This equation shows that the shear force per unit area is 
proportional to the negative of the local velocity gradient 
or shear rate and is known as Newton's law of viscosity. 
Fluids, whose viscosity follow this relationship are called 
Newtonian fluids. Where the proportionality factor is not 
constant but is a function of shear rate or shear stress, 
equation 2:2 is usually written in a more generalized form 
as:
d y
When the fluid is Newtonian, n=y (5).
2.2 TYPES OF VISCOUS BEHAVIOR
A graph of shear rate vs. shear stress is called a rheo- 
gram and is used to characterize the viscous behavior of 
fluids. There are seven basic types of viscous behavior
(6) .
5
1. Newtonian fluids are characterized by a rheogram that 
is a straight line through the orgin. The ratio of 
shear stress to shear rate is constant and therefore 
viscosity is not dependent on shear rate.
2. Plastic fluids, exhibit a linear rheogram that does 
not pass through the orgin. The fluid produces no 
movement until a specific force is attained which is 
called a yield stress.
3. Pseudoplastic fluids give a nonlinear rheogram that 
may or may not have a yield stress. The viscosity 
decreases with an increasing rate of shear.
4. Dilatent fluids are characterized by a nonlinear 
rheogram. The viscosity of the fluid increases with 
increasing rate of shear.
5. Thixotropic fluids exhibit a reversible decrease in 
shear stress with time at constant rate of shear and 
at a fixed temperature. The rheograms of these flu­
ids are characterized by hysteresis loops.
6. Rheopectic fluids show a reversible increase in shear 
stress with time at a constant rate of shear and 
isothermal conditions. The rheograms of these fluids 
also exhibit hysteresis loops.
7. Viscoelastic fluids exhibit both viscous and elastic 
properties. In an elastic substance the stress for a 
given strain is independent of time, whereas for a 
viscoelastic substance the stress gradually dissi­
6
pates. In contrast to a purely viscous fluid, a vis­
coelastic fluid flows when subjected to stress, but 
part of the deformation is gradually recovered upon 
removal of the stress. The rheological properties of 
these fluids depend on their recent history and can­
not be described by only a rheogram.
In figure 1 a rheogram is presented for each type of fluid 
behavior except viscoelastic.
8
2.3 MATHEMATICAL MODELS OF VISCOUS BEHAVIOR FOR COAL 
SLURRIES
As was discussed by Papachristodoulou et al. (7) the be­
havior of slurries involving coal can generally be explained 
by one of three mathematical models; Newtonian, Bingham 
plastic, or power law. These models are discussed in detail 
as being applicable to the study of coal-anthracene oil 
slurries.
A Newtonian model is the simplest and is expressed by the 
equation:
x = - y. o Y 2:4
Equation 2:4 is similar to equation 2:2 except it is written 
for the general case relating shear stress (t ) and shear 
rate (Y ) with the viscosity o) of the fluid, where y0 is a 
constant. The Newtonian model can be used to explain the 
fluid behavior of many common liquids such as water.
The Bingham plastic model fits for those fluids that are 
plastic and is a two parameter equation written as:
T = “V  + T0 2;5
lip is called 
stress. These
the plastic viscosity and t 0 is the yield 
fluids remain rigid when the shear stress is
less than To, but flow simialar to Newtonian fluids once the
9
yield stress has been exceeded Examples of these types of 
fluids are many of the solid suspensions in water (8).
The power law model best represents pseudoplastic fluids 
and is expressed by the equation:
x = my11 2:6
Where the power law parameters m and n are called the con- 
sistancy factor and behavior index, and are determined by 
curve fitting. When the behavior index equals 1 the fluid 
is Newtonian and the consistancy factor is the viscosity. 
This model was found by Mishra to be a best fit for concen­
trated silica suspensions in water ( 9 ). Other workers have 
found that coal-water slurries may. also be best represented 
by a power law (10).
The Bingham plastic and power law models can also be com­
bined and the resulting equation is called the generalized 
Herschel-Bulkley model and is written as (6):
t = my1 + t 0 2:7
This model can explain pseudoplastic behavior with a yield 
stress.
There have been many other non-Newtonian models devised 
to explain fluid behavior. Examples of these are the Ellis,
10
Eyrig, and Reiner-Phi1ipoff models. The description of 
these models can be found in Van Wazer et al. (8).
RELATED WORK IN COAL-LIQUID SLURRY RHEOLOGY
Most of the research in the United States has been with 
coal-water slurries and coal-fuel oil slurries. There has 
been considerable debate as to the behavior or these fluids. 
The Newtonian, Bingham plastic, and power law models have 
been used (7,10,11).
Yamagata et al. (11) using a high volatile bituminous and
a heavy fuel oil, stated that slurries, with coal concentra­
tions from 50.0 to 60.5% were plastic in behavior, when the
otemperature was less than 70 C. Coal concentrations less 
than 50.0% were found to have yield stress values under 1.0 
dyne/cm^,. which was low enough that the slurries could be 
considered to be Newtonian with negliagable error. Their 
results were obtained using a Cannon-Fenske capillary vis­
cometer and a Coutte-Hatschek coaxial double cup rotational 
viscometer. A slurry loop was used to obtain pressure drop 
measurements and an attempt was made to correlate measured 
and calculated pressure drops. The workers were unable to 
get satisfactory correlations.
In 1981, Anderson et al. (12) using a medium volatile




o35 to 50% coal, concluded that at temperatures above 30 C 
the power law model (equation 2:6) gave the best fit. The 
behavior index ranged between 0.8 and 1.0 depending on the 
coal concentration. At 35% coal the behavior index was very 
close to 1 and therefore can be considered to be Newtonian. 
At temperatures lower than 30°C yield stresses were observed 
and in these cases the Bingham plastic model gave the best 
fit, although the yield stresses were small enough to be 
negligable for design equations.
Papachristodoulou et al. (7) working with a high volatile 
bituminous coal suspended in a No. 6 fuel oil, used the gen­
eralized Herschel-Bulkley model (equation 2:7) to find the 
best fit. The behavior index ranged between 0.9 and 1.0 
with the majority of the values close to 1.0, suggesting a 
Bingham plastic model. When the coal loading was less than 
20% the yield stress was not significant and the slurry was 
Newtonian. In slurries with coal loading greater than 20%, 
significant yield stress values were observable and the 
slurries behaved as Bingham plastics.
Richard Klimpel (10) made water slurries from anthracite, 
from medium volatile bituminous, and from subbituminous 
coals. Such slurries were pseudoplastic and mathematically 
best represented by the power law model. Particle size and 
shape were determined to be important parameters influencing 
viscous behavior. A slurry of 64% medium volatile bitumi­
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nous coal, initially sized to -50 x +60 U.S. mesh, was 
ground in a ball mill for 12 minutes. The viscous behavior 
of the slurry at time zero was weakly pseudoplastic with a 
behavior index of 0.96 and no yield stress. After 12 min­
utes of grinding the slurry was strongly pseudoplastic with 
a significant yield stress.
Taweel et al . (13) using a low volatile bituminous coal
investigated the properties of coal-oil-water (COW) and 
coal-water mixtures (CWM) and found the CWM to be Bingham 
plastics in coal concentrations from 50 to 60% and tempera­
tures between 25 to 75°C. This was in disagreement with the 
work of Klimpel (10) who used a medium volatile bituminous 
and with Rao (14) who used a North Dakota lignite. They 
concluded that the best fit was given by a power law model. 
Taweel et al. (13) concluded that the power law model did
give the best fit for COW slurries and attempted to corre­
late data from an experimental slurry loop for both CWM and 
COW slurries with those obtained using a FANN rotating cup 
viscometer. Good agreement, within 5%, was obtained for
flow of CWM through a nominal 1 inch schedule 80 steel pipe 
oat 35 C, but up to 50% deviations occured using different 
pipe sizes and temperatures.
Research on rheological behavior of effluents from a H- 
Coal process development unit (PDU) by Rodgers et al. (15) 
was conducted at Oak Ridge National Laboratory. Samples
14
were analyzed at the reaction temperature of 835°F (446°C) 
and pressure of 2800 psig (1.93x10  ̂ dynes/cm^). Coal used 
was a Kentucky No. 9 bituminous and the carrier fluid was 
recycle solvent from the Wilsonville unit. Data at reaction
conditions were well represented by the Bingham plastic mod­
el. When the temperature was 27° C and pressure 2480 psig 
(1.71x108 dynes/cm2) the behavior was essentially Newtonian.
As the temperature was slowly increased from 27°C to the re-
oaction temperature of 446 C, yield stresses became more ob­
servable in the slurry rheograms. This supports the view 
that most coal-solvent slurries are Newtonian at low temper­
atures and become non-Newtonian at higher temperatures.
Schaefer and Rundell (16) concluded that the effluent 
from the Amoco H-Coal PDU was a Bingham plastic in a pres­
sure range of 2000 to 3000 psia (1.38x10® to 2.07x108 
dynes/cm2) and at temperatures between 275 and 850°F (135 to 
454°C). This is in agreement with the work at Oak Ridge Na­
tional Laboratory (15).
Although there is disagreement as to the rheological be­
havior of coal-liquid slurries, many workers agree that at 
temperatures lower than 70° C and concentrations less than 
30% coal the slurries are Newtonian. At higher temperatures 
and concentrations the slurries may be non-Newtonian with
either the Bingham plastic or power law giving the best fit, 
depending on the carrier liquid (7,11,15,16).
Chapter IV 
SCOPE OF THE STUDY
The primary objective of this investigation using lig­
nite- anthracene oil slurries was to model the rheological 
behavior so as to predict experimentally measured pressure 
drops. An experimental slurry loop was to be designed and 
built to measure pressure drops for a range of slurry con­
centrations through pipes of different diameters. Data col­
lected, using a Brookfield Rheolog viscometer, was to be 
used to propose a rheological model by curve fitting techni­
ques. Verification of the model was to be made by statisti­
cal comparision of pressure drops predicted by the model and 
those experimentally measured.
Although the investigation was limited in scope, proce­
dures were developed for the investigation of of coal-sol­
vent slurries using other solvents and other test condi­
tions. The data from the investigation would have 
applications in designing equipment and process lines for 






The lignite was obtained from UNDERC and was a North Da­
kota lignite from the Beulah mine in Mercer county. Anaysis 
of the coal is presented in Table 1.
TABLE 1
ANALYSIS OF PULVERIZED LIGNITE FROM THE BEULAH MINE IN 













The coal was pulverized to 70% less than 200 mesh using a 
Micro-Pulv model 2D-H pulverizer, which had a minimium spec­
ification, for lignite, to 70% less than 100 mesh. The pul­
verized lignite was placed into a large plastic bag, sealed, 
and enclosed in a 55 gallon drum for storage. The size dis­
tribution of the coal used in this study is shown in Table 2
TABLE 2
SIZE DISTRIBUTION OF PULVERIZED LIGNITE FROM THE BEULAH MINE














An important consideration, when using lignite, is the 
moisture content. It is felt that moisture content is an 
important parameter determining the viscosity of a recycle 
slurry during direct liquefaction (17). At the time the 
lignite was used for the study, the moisture content was 
found to be 21.9% as determined by American Society of Test­
18
ing Materials (ASTM) procedures (18). This value was low 
for Beulah lignites which usually have between 30 to 35% 
moisture on an as received basis (19). Most moisture loss 
must have occured during pulverization. It was also possi­
ble that the coal may have undergone some air drying.
Anthracene oil (AO) is a distillate cut (296° C vapor 
temperature at 15 torr) from high temperature carbonization 
of bituminous coal. The AO was obtained from Crowley Tar 
and Chemical Company, located in New York, New York, and 
such oil is currently being used as carrier solvent in the 
operation of the UNDERC CPU (20). Analysis of the AO is 
shown in Table 3.
TABLE 3
ANALYSIS OF ATHRACENE OIL USED AS CARRIER SOLVENT IN LIGNITE
SLURRIES










To obtain a represenative quanity of AO from the 2270 
liter stainless steel storage tank, the tank contents were 
heated to 70° C, using 7 psi (4.83x10^ dynes/cm^) steam, and 
mixed with a marine drive propeller. Heating to 70°C melts 
the waxy solids and mixing insures uniform dispersion. The 
AO used for the investigation was collected and stored in 
six 20 liter containers. Each container was intended to be 
a represenative sample and therefore it was assumed that the 
AO in each container was the same.
Samples of slurry were taken during test runs for the de­
termination of viscosity. It was assumed that the lignite 
concentration in the collected samples was the same as that 
in the mix tank as steady state conditions had been obtained 
in the test equipment.
5.2 EXPERIMENTAL SLURRY LOOP
The experimental slurry loop was a closed system composed 
of the following parts:
1. Piping and gate valves.
2. Pump system.
3. Mix tank, including mixer and heater.
4. Mercury manometer and pressure lines.
Figure 2 is a schematic of the slurry loop.
The slurry loop consisted of a bank of pipes with nominal 
diameters of 1 inch (2.54 cm), 3/4 inch (1.91 cm), 1/2 inch
F i g u r e  2 -  S C H E M A T I C  O F E X P E R I M E N T A L  S L U R R Y  L O O P  F OR M E A S U RE ME N T  O F  P R E S S U R E  DROP
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(1.27 cm), 3/8 inch (0.95 cm), and were of schedule 40 steel 
pipe except for the 1/2 inch pipe which was schedule 80. 
Table 4 gives the actual dimensions of the test pipes. The 
inside diameters were measured using a caliper.
TABLE 4
DIMENSIONS OF TEST PIPES USED IN EXPERIMENTAL SLURRY LOOP








2.54 2.667 273.1 5.586
1.91 1.890 274.3 2.806
1.27 1.582 270.4 1.966
0.95 1.316 272.5 1.360
Half inch (1.27 cm) pipe was used to complete the slurry 
loop. Gate valves were used to regulate the flow of slurry 
through the system.
The pump system was composed of three parts; a 3 gpm 
pump, an air accuated transmission to control the flow rate, 
and a 3750 rpm motor. The flow rate could be controlled 
from zero to about 75% of pump capacity depending on the 
test pipe and slurry concentration.
The mix tank was made from 12 inch (30.48 cm) steel pipe 
with a bottom welded and sealed with epoxy. The capacity of
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the 30 liter tank was large enough to hold the entire stor­
age container of AO. A single propeller mixer driven by a 
1725 rpm motor was mounted to the top of the tank. A baffle 
was welded to the inside of the tank to prevent vortex for­
mation .
The temperature of the slurry was controlled using a re­
sistance type heater connected to a variable transformer. 
This system maintained the slurry temperature at 40± 3°C. A 
type J thermocouple connected to a potentiometer was used to 
a measure the temperature.
Pressure drops developed across the test pipes were meas­
ured using a mercury manometer. The manometer was connected 
to a maniflod and from there to the test pipes with 1/4 inch 
(0.64 cm) teflon tubing. The pressure lines were filled 
with water to prevent back-up of the slurry. Brass needle 
valves were used to open and close the lines.
5.3 THE BROOKFIELD RHEOLOG SYSTEM
The Brookfield Rheolog system was used to measure viscos­
ity and is comprised of the following components:
1. Brookfield roto-viscometer.
2. Thermo-container used to hold and heat the sample.
3. Removable sample chamber.
4. Spindles.
5. Full wave proportional temperature controller.
23
6. Duel strip chart recorder.
7. Digital millivolt indicator.
8. Prssure transducer.
The viscometer uses a coaxial cylinder geometry with the 
cup being stationary. Measurements were made using two dif­
ferent spindle sizes at each of the speed settings. The 
temperature was controlled by the full wave proportional 
controller, which maintained the spindle and sample at the 
desired temperature. The temperature control system permit- 
ed viscosity measurements, up to 500° F (260°C), with a 1% 
reproducibility (21). Specifications for the system are 
given in Appendix B.
Chapter VI
EXPERIMENTAL PROCEDURE
6.1 EXPERIMENTAL SLURRY LOOP
A known weight of AO was placed into the mix tank and 
sufficient lignite added to achieve the desired concentra­
tion. Tests were planned to be made with lignite concentra­
tions from 0 to 50% by weight at 5% intervals. Once the 
lignite was well mixed the tests were ready to begin.
oTemperature for all tests was to remain constant at 40 C, 
as this was the inlet feed temperature for the CPU being op­
erated at UNDERC. A thermocouple was placed into the slur­
ry, the heater turned on, and the temperature monitored un- 
otil 42 C was reached. During the time the process
temperature was being reached a nitrogen purge was used to
oagitate the slurry. When the temperature reached 42 C the 
nitrogen purge was turned off, valves opened forming a loop 
through the the selected test pipe, and the pump turned on. 
The temperature of the recycled slurry characteristicaly 
would drop 2 or 3 degrees before the steady state tempera­
ture was reached. Once the desired temperature and flow 




The volumetric flow rate for each test was determined by 
the length of time necessary to fill a 277.5 ml cup. The 
flow rate was measured before and after the manometer read­
ings were taken for each test. A 500 ml sample of slurry 
was collected for subsequent viscosity determinations.
After a run was completed the pump was turned off and the 
nitrogen purge resumed. The amount of lignite needed for 
the next run was calculated and added to the mix tank for 
the next run.
6.2 BROOKFIELD RHEOLOG SYSTEM
Samples collected during the runs were brought to the 
laboratory for viscosity measurements with the Brookfield 
viscometer. Procedures used to operated the viscometer were 
as follows:
1. The air to the viscometer was turned on and the regu-
6 2lator set to deliever 20 psi (1.39x10 dynes/cm ).
2. The viscometer was mounted on a stand and levelled 
using the levelling screws. The level was checked 
throughout the tests.
3. The pressure transducer was turned on.
4. The temperature controller was set to 40°C and acti­
vated .
5. The spindle was hooked to the viscometer and aligned 
on the alignment bracket.
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6. Pens were placed into the holders of the strip chart 
recorder and recorder started.
7. Strip chart recorder and digital meter were zeroed.
8. Once the temperature was stable, as shown by zero de­
flection on the controller and a straight line by the 
temperature indicator on the strip chart, enough of 
the well mixed slurry was placed into the sample 
chamber so that the aligned spindle was covered.
9. The viscometer was realigned and the speed control 
knob set to 100 rpm.
10. The viscometer turned on.
11. When the millivolt indicator on the strip chart gave 
a straight line the viscometer reading was stable and 
the reading was made from the digital meter.
12. Viscometer readings were made at 100, 50, 20, 10, 5
rpm settings and then repeated in reverse order.
13. The viscometer was turned off, sample cup removed, 
spindle changed, and steps 9 through 13 repeated
14. The procedure was repreated for all samples.
Alignment of the spindle and sample size are two impor­
tant criteria. If not done properly, erroneous readings may 
result. Calibration of the viscometer was checked frequent­
ly by measuring viscosity of standard oils obtained from the 
manufacturer (21).
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6.3 DETERMINATION OF SPECIFIC GRAVITY AND LIGNITE 
CONCENTRATIONS
Specific gravities were measured using a pycnometer with 
water as the displacement medium. The following weights 
were determined at constant temperature:
A. Weight of the pycnometer empty.
B. Weight of the pycnometer filled with water.
C. Weight of the pycnometer with sample.
D. Weight of pyconometer with sample plus water 
added to fill line.
The specific gravity, at the measurement temperature, was 
determined by the following equation:
S p . G r .  = ________ C -  A_______
( B  -  A )  -  ( D  -  C ) 6 : 1
° oTables for reduction of volume to 60 F (16 C) against API 
ogravity at 60 F were used to calculate the specific gravity 
at 40° C (22).
The concentration of lignite in each sample was deter­
mined by filtering a known weight of the slurry with added 
tetrahydrofuran (THF) in which the AO was soluble. Nitro­
gen gas pressure was used to force the THF and dissolved AO 
through the filter. The insoluble portion which remained on 
the filter was the lignite in the filtered sample. After 
drying in a drying oven at 110°C for 25 minutes the ratio of
28
the weight of lignite on the filter to the weight of the 
filtered sample was the fraction of coal in the slurry. Ta­
ble 5 gives the specific gravity and lignite concentration 
for each of the test samples. Sample calculations, for spe­
cific gravity and THF insolubles, are given in Appendix D.
TAELE 5







3 14.6 1 . 143
4 22.0 1 . 175
5 24.2 1.176
6 28.6 1 . 184
7 29.5 1 . 194
8 34.9 1.206
9 39.9 1.215
Specific gravities are compared to water at 40° C
Chapter VII
RESULTS AND DISCUSSION
Experimental data are presented, correlated, and dis­
cussed in the following. Data collected from the slurry 
loop experiments as well as that from the Brookfield viscom­
eter operation are summarized in Appendix C. Sample calcu­
lations are illustrated in Appendix D.
7.1 PROPOSED VISCOUS BEHAVIOR MODEL FOR THE SLURRY
From previous work on coal-liquid slurries the Newtonian, 
Bingham plastic, and power law models have been postulated 
depending on the test conditions and carrier liquid. For 
the lignite-AO slurries in this investigation the tests were 
conducted under the following conditions:
1. The coal used was a North Dakota lignite.
2. The lignite was pulverized to 70% minus 200 mesh.
o3. Temperature was constant at 40 C.
4. Pressure was atmospheric.
5. Volumetric flow rate was nominally 8.0 ml/sec.
6. The moisture content of the lignite was 21.9%.




The Brookfield rheolog system was used to collect data to 
determine the viscous behavior of the slurries. The instru­
ment gave millivolts readings that are related to the torgue 
exerted on the spindle by the equation:
T  _ A v g . R e a d i n g  x  7 1 8 7 - c m  x  1 0  x  C a l i b r a t i o n  f a c t o r__ _ ______ 7 . 1
(See Appendix D.)
The reading of the viscometer depends upon the size of the 
spindle. For this investigation tv/o size of spindles were 
used (sc-27 and sc-28) as these gave an adequate range of 
readings. The dimensions of the spindles are given in Ap­
pendix B.
Angular velocity was calculated from the spindle rpm’val­
ue (N) as follows:
n = 2ttN60 7:2
The calculated values for angular velocity and torque for 
each of the samples are summarized in Tables 15 and 16 in 
Appendix D. Graphs of angular velocity vs. torque were 
plotted for each sample and are presented in figures 3-11.
As figure 3 indicates the graph for the original AO was a 
straight line through the orgin indicating Newtonian behav­
ior. This is consistant with the results from other work
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ANGULAR VELOCITY, rad/sec
F i g u r e  3 -  T O R Q U E  V S .  A N G U L A R  V E L O C I T Y  F O R  O R I G I N A L  
A N T H R A C E N E  O I L
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F i g u r e  4 -  T O R Q U E  V S .  A N G U L A R  V E L O C I T Y  -  1 0 . 1 %  L I G N I T E  
C O N C E N T R A T I O N
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Figure 6 - TORQUE VS. ANGULAR VELOCITY - 22.0% LIGNITE
CONCENTRATION.
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Figure 7 - TORQUE VS. ANGULAR VELOCITY - 24.2% LIGNITE
CONCENTRATION.
36
Figure 8 - TORQUE VS. ANGULAR VELOCITY - 28.6% LIGNITE
CONCENTRATION.
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F i g u r e  9 -  T O R Q U E  V S .  A N G U L A R  V E L O C I T Y  -  2 9 . 5 %  L I G N I T E  
C O N C E N T R A T I O N .
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Figure 10 - TORQUE VS. ANGULAR VELOCITY - 34.9% LIGNITE
CONCENTRATION.
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Figure 11 - TORQUE VS. ANGULAR VELOCITY - 39.9% LIGNITE
CONCENTRATION.
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with coal derived carrier solvents (15). When the carrier 
solvent is Newtonian and a solid is added the resulting 
slurry can either be Newtonian at concentrations to maximium 
packing or become non-Newtonian at some intermediate concen­
tration. In the present study, for which the maximium lig­
nite concentration was 40% by weight, the slurries were 
shown to behave as Newtonian fluids. The correlation coef­
ficients, obtained by linear regression curve fitting, were 
greater then 0.98. The y-intercepts were not significantly 
different than zero at the 95% confidence level for concen­
trations less than 40% lignite. At this confidence level, 
the y-intercepts for the 40% slurry were significantly dif­
ferent than zero for both spindle readings, indicating a 
real but small yield stress. For design purposes, these 
yield stresses (5 dynes/cm ) ' were low enough they could be 
neglected, and the slurry treated as a Newtonian fluid. 
These results were in agreement with Anderson et al. (12) 
who determined that a bituminous - fuel oil slurry had a 
yield stress of 8 dynes/cm at 40% and 30 C. The research­
ers found that at 55% coal the slurry had a yield stress of 
200 dynes/cm and could be considered to be a Bingham plas­
tic. Table 6 summarizes the linear regression data.
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1 0.998 1.53 0.991 -1.39
2 0.999 3.83 0.988 0.99
3 0.998 2.59 0.999 1.95
4 0.994 1.59 0.999 0.00
5 0.999 4.69 0.999 -1.61
6 0.999 3.18 0.999 1.06
7 0.999 -3.87 0.999 1.14
9 0.999 22.80 0.999 12.79
7.2 THE EFFECT OF LIGNITE CONCENTRATION ON VISCOSITY
As expected the viscosity of lignite-anthracene oil slur 
ries was a function of lignite concentration. Figure 12 il 
lustrates the relationship of viscosity vs. lignite concen 
tration using curve fitting techniques.
The curves that gave the best fits are:
Y
Y
1 /  ( 4 . 0 0 5 x 1 0 - 2
1 8 . 5 1 2 e 0 . 0 5 7 9











Figure 12 - THE EFFECT OF LIGNITE CONCENTRATION ON VISCOSITY
FOR LIGNITE-ANTHRACENE OIL SLURRIES.
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Equation 7:3 gave the best fit, with a correlation 
coefficient of 0.948. Although this curve best reproduces 
the data in the range of investigated values, it becomes in­
finite at 41.7% lignite. The exponential equation 7:4 has a 
correlation coefficient of 0.895 and can be used as a pre­
dictive tool at concentrations somewhat higher than 40%.
In Figure 12, a nonlinear increase in viscosity is indi­
cated at concentrations greater than 30% lignite. When coal 
loadings greater than 30% were used in the UNDERC CPU the 
recycle slurry became unpumpable after only a few passes, 
due to the high viscosity of the slurry (23).
7.3 COMPARISON OF THE PRESSURE DROP EVALUATED USING THE NEWTONIAN MODEL VS. MEASURED PRESSURE DROP
Rheograms using the Newtonian model are easily construct­
ed for a roto-viscometer using concentric cylinder geometry. 
The shear stress was calculated from the torque by the fol­
lowing equation:
2ttt 2hs
Where: T is the torque in dyne-cm.
is the radius of the spindle in cm.
h is the height of the spindle in cm.
2x is the shear stress in dynes/cm
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Shear rate, in units of sec , was determined by multiplying 
the spindle speed (rpm value) by a constant spindle factor, 
0.39 for spindle sc-27 and 0.28 for spindle sc-28. These 
constants are derived in Appendix D. The rheograms for each 
sample are presented in figures 13-15.
The viscosities were calculated for each sample by averaging 
the viscosities at each of the speed settings, for both 
spindles. Theoretically these values should be the same but 
small errors in reading the viscometer gives relatively 
large errors in the calculated viscosity at low shear rates. 
Table 7 gives the average viscosity for each of the samples.
Given the viscosity and density of the slurry, the flow 
rate, and the pipe dimensions, the pressure could calculated 
using the Bernoulli eguation. This equation, as derived in 
McCabe and Smith (24), was written between two definite 
points, a and b, in a circular conduit as follows:
P a ct V ‘
—  + gZ +
Pa 9 a 2 + nwn = -- + gZ, +
v 2 + It 7:6
Where: p is pressure, dynes/cm 
P is density, g/cm.
g is acceleration of gravity, cm/sec .
Z is elevation of the pipe, cm. 
a is kenetic energy factor, unitless.
V is average velocity of the slurry, cm/sec. 
n is pump efficiency factor, unitless.
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Fiaure 13 - RHEOGRAMS FOR LIGNITE-ANTHRACENE OIL SLURRIES
WITH LIGNITE CONCENTRATIONS OF 0, 10.1, 14.6%
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Figure 14 - RHEOGRAMS FOR LIGNITE-ANTHRACENE OIL SLURRIES WITH
LIGNITE CONCENTRATIONS OF 22.0, 34.9, 39.9%.
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Figure 15 - RHEOGRAMS FOR LIGNITE-ANTHRACENE SLURRIES WITH
LIGNITE CONCENTRATIONS OF 29.5, 34.9, 39.9%.
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Wp is work by the pump, dyne-cm/g.
2 2is frictional losses, cm /sec •
The equation is a momentum and energy balance relating pres­
sure, potential and kenetic energy, work done on the system, 
and frictional losses between points a and b. For this 
study all terms except pressure and frictional losses drop­
out as they were either zero or constant between the two 
points. The equation in essence says that the pressure drop 
between points a and b is equal to the frictional losses, 
and is expressed mathematically as:
Pa Pb h fP 7:7
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The frictional losses are estimated in McCabe and Smith (24) 
by the equation:
+ Kc + Ke + Kf)
V2
7 : 8
In pipes with no expansions, contractions, fittings or 
valves, as in this study, the equation simplifies to:
' f  ■ <4f e> T 7 : 9
Where: f is the friction factor, unitless.
L is the length of the test pipe,cm.
D is the diameter of the test pipe, cm.
V is -the slurry velocity -in the test pipe, cm/sec 
The friction factor for laminar flow conditions, Reynolds 
number less than 2100, is defined for long tubes by the Ha- 
gen-Poisuille law as 16/N^e, where NRe is the Reynolds num­
ber (25). The data for velocity, Reynolds number, and fric­
tion factor are summarized in Table 8.
The pressure drops for each test were calculated using 
Bernoulli's equation and the values compared to those exper­
imentally determined, after correcting for the hydrostatic 
pressure of water in the pressure lines. The calculated and 
experimentally measured pressure drops are summarized in Ta­
ble 9.
TABLE 8
C A L C U L A T E D  V A L U E S  F OR  D E T E R M I N I N G  
F R I C T I O N A L  L O S S E S  I N  T H E  B E R N O U L L I  E Q U A T I O N
Coal
L o a d i n g
%
2 . 5 4  cm P i p e 1 . 9 1 cm P i p e
f
1 . 2 7  cm P i p e
f
0 . 9 5  cm P i p e
fV e l .
cm/ sec N Re
f V e l .
cm/ sec N Re
V e l .
cm/ sec N Re
V e l .
cm/ sec N Re
0 1 5 . 5 4 2 0 3 . 7 . 0 7 9 3 0 . 1 8 2 7 9 . 9 . 0 5 7 3 9 . 3 2 3 0 5 . 5 . 0 5 2 5 2 . 4 6 3 3 8 . 8 . 0 4 7
1 0 . 1 1 1 . 3 1 9 1 . 8 . 1 7 4 2 9 . 2 6 1 3 3 . 2 . 1 2 0 3 2 . 1 9 1 5 4 . 9 . 1 0 3 4 1 . 7 6 1 6 7 . 2 . 0 9 6
1 4 . 6 9 . 7 5 6 4 . 2 . 2 4 9 1 9 . 1 4 8 9 . 3 . 1 7 9 2 6 . 7 0 1 0 4 . 3 . 1 5 3 3 4 . 1 1 1 1 0 . 7 . 1 4 5
2 2 . 0 1 4 . 2 3 8 3 . 3 . 1 9 2 2 7 . 6 5 1 1 4 . 7 . 1 3 9 3 9 . 3 2 1 3 6 . 6 . 1 1 7 5 2 . 4 6 1 5 1 . 5 . 1 0 6
2 4 . 2 1 4 . 6 3 8 5 . 3 . 1 8 8 2 7 . 6 5 1 1 4 . 2 . 1 4 0 3 9 . 3 2 1 3 6 . 0 . 1 1 8 5 2 . 4 3 1 5 0 . 8 . 1 0 6
2 8 . 6 1 4 . 2 3 6 2 . 5 . 2 5 6 2 7 . 6 5 8 6 . 0 . 1 8 6 3 7 . 2 5 9 7 . 0 . 1 6 5 5 3 . 8 3 1 1 6 . 6 . 1 3 7
2 9 . 5 1 4 . 6 3 4 8 . 9 . 3 2 8 2 9 . 2 9 6 9 . 2 . 2 3 1 4 0 . 5 4 8 0 . 1 . 2 0 0 5 3 . 8 3 8 8 . 6 . 1 8 1
3 4 . 9 1 3 . 4 4 2 7 . 5 . 5 8 1 2 6 . 2 1 3 8 . 0 . 4 2 1 3 6 . 3 0 4 4 . 1 . 3 6 3 5 1 . 1 5 5 1 . 6 . 3 1 0
3 9 . 8 1 3 . 1 1 1 4 . 8 1 . 0 8 1 2 5 . 5 4 2 0 . 4 . 7 8 3 3 6 . 3 0 2 4 . 3 . 6 5 8 5 1 . 1 5 2 8 . 5 . 5 6 1
f  = f r i c t i o n  f a c t o r  ( u n i t l e s s )
TABLE 9
P R E S S U R E  DROPS ME A S U RE D  FROM E X P E R I M E N T A L  S L U R R Y  
L O O P  AN D  C A L C U L A T E D  FROM B E R N O U L L I ' S  E Q U A T I O N
2 4d y n e s / c m x  10
C o a l  L o a d i n g  2 . 5 4  cm P i p e
% C a l c .  Meas .  D i f f .
1 . 9 1  cm 1 
C a l c .  Meas
3i p e
. D i f f .
1 .
C a l c .
27  cm 
Meas
Pi  pe 
. D i f f .
0 .
C a l c .
95 cm P i p e  
Me a s .  D i f f .
0 0 . 4 4 0 . 4 1 0 . 0 3 1 . 6 6 1 . 5 6 0 . 1 0 3 . 0 1 2 . 7 1 0 . 0 3 5 . 8 9 5 . 7 9 0 . 1 0
1 0 . 1 0 . 5 1 0 . 5 8 - 0 . 0 7 2 . 1 0 2 . 3 0 - 0 . 2 0 4 . 1 3 3 . 8 6 0 . 2 7 7 . 7 9 6 . 1 6 1 . 6 3
1 4 . 6 0 . 5 4 0 . 7 5 - 0 . 2 1 2 . 1 7 3 . 1 5 - 0 . 9 8 4 . 2 7 5 . 5 9 - 1 . 3 2 7 . 9 6 7 . 0 4 0 . 9 2
2 2 . 0 0 . 9 5 1 . 3 2 - 0 . 3 7 3 . 6 2 3 . 1 8 0 . 4 4 7 . 2 8 6 . 3 3 0 . 9 5 1 4 . 1 2 1 0 . 4 6 3 . 6 6
2 4 . 2 0 . 9 8 1 . 3 2 - 0 . 3 4 3 . 6 6 3 . 3 5 0 . 3 1 7 . 3 1 6 . 5 7 0 . 7 4 1 4 . 2 2 1 0 . 5 3 3 . 6 9
2 8 . 6 1 . 2 5 1 . 9 3 - 0 . 6 8 4 . 8 8 4 . 9 8 - 0 . 1 0 9 . 2 5 8 . 9 7 0 . 2 8 1 9 . 5 1 1 5 . 8 2 3 . 6 9
2 9 . 5 1 . 7 3 2 . 4 4 - 0 . 7 1 6 . 8 7 5 . 0 8 1 . 7 9 1 3 . 3 4 1 2 . 1 6 1 . 1 8 2 5 . 8 7 2 1 . 1 7 4 . 7 0
3 4 . 9 2 . 6 1 4 . 3 3 - 1 . 7 2 1 0 . 1 3 1 0 . 9 4 - 0 . 8 1 1 9 . 7 1 2 1 . 7 8 - 2 . 0 7 4 0 . 4 7 3 9 . 7 6 0 . 7 1
3 9 . 9 4 . 6 1 5 . 9 6 - 1 . 3 5 1 7 . 9 8 1 6 . 3 9 1 . 5 9 3 5 . 9 6 3 6 . 7 1 - 0 . 7 5 7 3 . 8 9 7 3 . 5 9 0 . 3 0
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The two values for pressure drop obtained were tested
statistically with AP - AP = 0 as the null hvpothesis.c m
When observation pairs are compared the statistic used is 
(26) :
T = 7 7 7 2  7 : 1 0
Where: D is the mean difference.
SD is the standard deviation, 
n is the number of paired observations.
The value of T calculated for the paired observation was 
1.665. The critical value of t, at a confidence level of 
95% and 35 degrees of freedom, given in the tables of sta­
tistical functions in Bethea et al. (27), was 2.032. Since
1.665 < 2.032 the null hypothesis was not rejected. It mav 
be concluded that there was no significant difference at the 
95% confidence level. (Calculations for the t-test are pre­
sented in Appendix E.) The comparison of the two AP values
show, for designing eguipment to handle lignite-anthracene
ooil slurries at 40 C and up to 40% lignite, the slurries 
could be considered Newtonian and the AP resulting from the 
fluid flow could be calculated using Bernoulli's equation.
Comparisions between the experimental data and the calcu­
lated values were excellent throughout the range of concen­
trations and pipe sizes tested. Some previous work compar­
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ing experimental and calculated values of pressure drops in 
a slurry loop have been unsatisfactory (11,13).
A two-way analysis of variance was preformed to determine 
if pipe size and lignite concentration had a significant ef­
fect on the measured pressure drop. At the 95% degree of 
confidence it was seen that both had a significant effect on 
the measured pressure drops. Table 10 presents the analysis 
of variance table and the calculations are illustrated in 
Appendix E.
TABLE 10
TWO-WAY ANALYSIS OF VARIANCE FOR THE EFFECT OF PIPE SIZE AND 
LIGNITE CONCENTRATION ON THE MEASURED PRESSURE DROP
Source of 
variation Degrees of freedom
Sum of
squares Mean square F F-crit.
mean 1 3700.09 3700.09 — —
pipe size 3 1870.58 623.530 7.526 3.01
lig. cone. 8 3211.38 401.423 4.845 2.36
error 24 1988.44 82.852 ___ ___
Total 36 10770.49
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7.4 PROBLEMS AND SOURCES OF ERROR
Originally the investigation was to test up to 50 % lig­
nite concentration, but the mixer was unable to operate at 
concentrations greater than 40%. A larger motor was not 
available at the time of the investigation. Therefore the 
tests were concluded at a lignite concetration of 40%.
Settling of the particles during viscosity measurements 
was a problem. When settling occured the readings were very 
erratic, as indicated by spikes on the strip chart recorder. 
Therefore readings were taken as soon as the temperature of 
the slurry was constant to try and minimize the settling 
problem.
For the Brookfield Rheolog viscometer the readings were 
within 0.01 millivolts, and at the low range of readings 
this was an appreciable factor. for example at 0.02 milli-
volts the calculated viscosity has an error of over 100%
when the shear rate is low. Therefore at the low shear
rates the calculated viscosity was not very reliable . An
error of 10% in the viscosity results in an error of 10% in
the calculated pressure drop.
Other sources of error were; the temperature could not be 
kept completely constant and pressure drop is indirectly 
proportional to temperature, and the measurement of flow 
rate. The flow rate was measured using a stop watch to the
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nearest l/10th of a second and an error of 1/lOth of a sec 
ond results in a 3.5% error in pressure drop calculations.
From this study of lignite-AO startup slurries for direct 
liquefaction, the following conclusions are made:
1. In modeling the rheological behavior of lignite-AO 
slurries with concentrations from 0 to 40% lignite, 
the viscometer data fit the Newtonian model at 40°C.
2. The Bernoulli equation could be used to calculate 
pressure drops for designing equipment and pipelines 
to handle lignite-AO slurries with coal concentra­
tions from 0 to 40% at 40°C.
3. There was a direct relationship between lignite con­
centration in the slurries and viscosity. The expo-
0.057 °Ynential curve Y = 18.51e ' " gave the best fit and
allowed prediction of viscosities beyond 40% lignite.
4. Pressure drop developed in a pipe was a function of 





Only the rheological behavior of lignite-AO slurries were 
studied in the present work. Other aspects of coal-solvent 
slurries still need to be investigated. The following rec­
ommendations are made for future study:
1. Develop models for coal-solvent slurries at concen­
trations of coal greater than 40%. As these slurries 
are often non-Newtonian extrusion viscomters are re­
commended (28).
2. Investigate the effects of temperature on rheological 
behavior.
3. Investigate the effects of solvents other than AO on 
the rheology of coal slurries
4. Investigate the use of additives, such as surfac­
tants, to reduce pressure drop developed in coal 
slurry flow.
5. Investigate the effect of moisture content of the
coal on pressure drop.
6. Investigate the effect of particle size on rheologi­
cal behavior.
7. Investigate the effect on rheological behavior of
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y-intercept, dyne-cm




Diameter of pipe, cm
Mean Difference
residual error for linear regression 
Force, dynes
Friction factor, unitless
2Acceleration of gravity, cm/sec
Gallons per minute
Height of spindle, cm
2 2Friction losses, cm /sec 
Contraction loss coefficient, unitless 
Expansion loss coefficient, unitless 
Fitting and valve loss coefficient, unitless 
Length of pipe, cm
Consistancy factor of power law, g/cm-sec11
60
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N Number of observations for statistical analysis
N speed setting of viscometer, rpm
N_Re Reynolds number, unitless
n = Behavior index of power law, unitless
PDU Process development unit
psig = Pounds per square inch gage
P 2Pressure, dynes/cm
q 2Volumetric flow rate, cm /sec
R2 = Correlation coefficient for linear regression
Rm = Manometer readidng, inches (cm)






ssc = Sum of squares column
ssE = Sum of squares error
SSM " Sum of squares mean
SSR = Sum of squares row
ssT = Sum of squares total
Sb
. 2Shear stress at the bob, dynes/cm
T Torque, dynes-cm
THF Tetrahydrofuran
UNDERC= University of North Dakota Energy Research Center
V Velocity, cm/sec
V Average velocity, cm/sec
WP
2 2Work of the pump, cm /sec
z Elevation of the pipe, cm
a = Kenetic energy correction factor, unitless
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Shear rate, sec
->Calculated pressure drop, dynes/cm*'
2Measured pressure drop, dynes/cm




2Shear stress, dynes/cm 2









Specifications for Brookfield Rheolog System
1. Thermo-container
Manufacturer: Brookfield Engineering Laboratories,
Inc.
Accessories:




Power supply: 110 volts AC, 60 Hertz frequency
2. Temperature Controller:
Manufacturer: Brookfield Engineering Laboratories,
Inc.
Model: 63A
oLower Limit of Control: 20 F above ambient temperature 
Upper Limit of Control: 500°F 
Description:
The proportional temperature controller is designed to 
maintain an accurate, non-fluctuating temperature of 
the electrically heated thermo-container. Temperature 
is measured by a platinum resistance temperature detec­tor (RTD) and power to the electric heating element is 
smoothly regulated by the controller to the level ne­
cessary to maintain this temperature. Temperature is 
set by a precision set point dial on the front of the 
instrument. As the set point temperature is appo- 
rached, power is reduced to a level which will sustain 
this temperature. If the set point is changed the con­
troller will change the supply to bring the platinum 






Accuracy: 0.1% Full scale
Range: Input- 0.34-2.34psi 
Output- 0-10 millivolts DC
Power supply:: 115 volts AC, 50/60 Hertz frequency
Description:
The Amtek model 92PG pressure to electronic signal con 
verter is designed to convert pneumatic or hydroli





5. Omniscribe Strip Chart Recorder:
Manufacturer: Houston Instrument
Model: B-5217
Zero set: +or- 110% Full scale
Full scale: 0-10 millivolts
Accuracy: +or- 0.3% of full scale
Mechanism: DC potentiometric servo with infinite 
resolution, non-contracting rebalance 
element
6. Rheolog viscometer:
Manufacturer;: Brookfield Engineering Laboratories, Inc
Model: RVT





Full scale torque: 7178 dyne-cm 
Viscosity range: 20-100,000 centipoise









sc- 27 0.588 3.350
sc- 28 0.469 3.175

















Power Supply: 110 volts AC, 60 hertz frequency
5. Test Pipes:
Nominal pipe sizes: Schedule 401 inch, 3/4 inch, and 3/8 inch
Schedule 80 
1/2 inch
ID: 2.67 cm, 1.89 cm, 1.58 cm, 1.32 cm 
Length: 273.1 cm, 274.3 cm, 270.4 cm, 272.5 cm
APPENDIX C
EXPERIMENTAL DATA- 
Experimental Data From Slurry Loop 
Experimental Data From Viscometer
Appendix C
EXPERIMENTAL DATA FROM SLURRY LOOP AND 
VISCOMETER
Slurry Loop Experimental Data
During the test two 5 gal containers of AO was used. The 
first was used for tests 1-4 and the second for tests 5-9. 
For tests 1-4 the weight of the AO was 41.5 lbs.
For tests 5-9 the weight of the AO was 39.8 lbs.
Table 12 gives the amount of coal added to reach the desired 
concentration. The percent coal loading is not the actual 
loading, as an error was made in adding coal between tests 6 
and 7. Between tests 5 and 6, 6.25 lbs of slurry was re­
moved. Table 13 summarizes the data collected during the 
slurry loop tests.
Experimental Data From Viscometer
Tables 14 and 15 summarizes the data collected from the 
viscometer for each spindle, sc-27 and sc-28. Those values 
left blank were not readable with the Brookfield viscometer. 





FOR SLURRY LOOP TESTS
rest no.
Coal in tank 
lbs




1 — — 0
2 0 4.61 10
3 4.61 2.71 15
4 7.32 3.06 20
5 0 13.27 25
6 11.70 3.35 30
7 15.05 3.86 35
8 18.91 4.17 40
9 23.08 4.85 45
TABLE 13
D A TA  C O L L E C T E D  D U R IN G  S L U R R Y  L O O P  T E S T S
Test 1 inch Pipe 3/4 inch Pipe 1/2 inch Pipe 3/8 inch Pipe
No. AP temp time A P temp time A P temp time A P temp time
1 0.13 103 3.2 0.50 103 3.3 0.88 107 3.6 1.88 104 3.9
2 0.19 103 4.4 0.75 102( 4.3 1.25 106 4.4 2.00 104 4.9
3 0.24 104 5.1 1.02 106 5.2 1.81 106 5.3 2.28 107 6.0
4 0.43 104 3.5 1.03 104 3.6 2.05 103 3.6 3.39 104 3.9
5 0.43 108 3.4 1.09 107 3.6 2.13 105 3.6 3.41 106 3.9
6 0.63 104 3.5 1.61 105 3.6 2.91 105 3.8 5.12 105 3.9
7 0.79 104 3.4 1.64 104 3.4 3.94 103 3.5 6.85 104 3.8
8 1.40 103 3.7 3.54 103 3.8 7.05 104 3.9 12.9 103 4.0
9 1.93 104 3.8 5.31 104 3.9 11.9 104 3.9 23.8 103 4.0
Units
Where
: AP = inches of Mercury 












Speed Setting 100 rpm 50 rpm 20 rpm 10 rpm 5 rpm
Sample N o . Down Up Down Up Down Up Down Up Down Up
1 0 .09 0 . 09 0 . 05 0 .,05 0 . 02 0 . 02 0 .01 0 . 01 — —
2 0 . 1 2 0 . 12 0 . 06 0 . 06 0 . 03 0 . 02 0 . 02 0 . 02 — --—
3 0 . 1 1 0 . 10 0 . 05 0 . 05 0 . 02 0 . 02 0 . 01 0  ., 01 — —
4 0 . 21 0 . 22 0 . 1 3 0 ., 1 2 0 . 05 0 . 05 0 . 03 0 . 02 0 . 02 0 . 01
5 0 .,23 0 . 22 0 . 1 2 0 . 1 3 0 .,05 0 . 04 0 ., 03 0 ., 03 0 .02 0.,02
6 0 ., 24 0,.25 0., 1 3 0..13 0 . 05 0 ., 05 0 ., 03 0 . 03 0 . 01 0 ., 02
7 0 . 45 0,.47 0 ., 22 0..23 0 ., 08 0.. 08 0 ., 04 0 . 04 0 . 02 0 . 02
8 0 ., 65 0,.63 0 ,. 32 0 . 31 0 . 1 3 0 . 1 2 0 ., 07 0 . 07 0 .03 0 . 03
9 1 . 07 1 .06 0 . 56 0 ,. 53 0.. 24 0 . 23 0 . 14 0 . 1 3 0 . 09 0 . 08
TABLE 15
VISCOMETER DATA COLLECTED 
USING SPINDLE SC-28
Speed Setting 100 rpm 50 rpm 20 rpm 10 rpm 5 rpm
Sample No. Down Up Down Up Down Up Down Up Down Up
1 0.05 0.05 0.02 0.02 0.01 0.01 — — — —
2 0.07 0.07 0.03 0.03 0.03 0.02 0.01 0.01 — —
3 0.08 0.07 0.04 0.04 0.02 0.02 0.01 0.01 — —
4 0.10 0.11 0.04 0.04 0.02 0.02 0.01 0.01 — —
5 0.11 0.11 0.05 0.05 0.02 0.02 0.01 0.01 — —
6 0.16 0.17 0.08 0.08 0.03 0.03 0.02 0.02 0.01 0.01
7 0.18 0.18 0.10 0.11 0.04 0.04 0.02 0.02 0.01 0.01
8 0.30 0.31 0.16 0.16 0.07 0.07 0.03 0.03 0.02 0.02
9 0.55 0.53 0.29 0.28 0.13 0.13 0.07 0.07 0.04 0.04
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Calculation of Specific Gravity
The equipment used was a pycnometer and thermometer. Wa­
ter was used as the displacement medium. The samples used 
to calculate specific gravity and THF insolubles were the 
same samples collected for viscosity determination. The 
following procedure was used for calculations with sample 3 
as an example.
A. Wt of pycnometer empty = 45.5081g @ 77°F
B. Wt of pycnometer filled with water = 95.0985g @ 77°F
C. Wt of pycnometer with sample = 68.1312g @ 78°F
D. Wt of pycnometer + sample + water = 98.1107g @ 77°F
Sp.Gr = C-A/ (B-A)-(D-C) D:1
Specific Gravity @ 77°F = 1.1536 
Correction to 104°F oUse table: Reduction of Volume to 60 F Against API 
Gravity at 60°F (22).
Factor for 77°F = .9940
Factor for 104°F = .9847
specific gravity @ 104°F = (1.1536/0.9940)x(0.9847) = 1.1428
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Lignite concentration was calculated by determining the 
THF insolubles. It was assumed that the insoluble portion 
in the sample was the lignite. THF insolubles, using sample 
3 as an example, were calculated as follows:
A. Wt of filters before filtering = 9.7394 g
B. Wt. of filters after filtering and drying = 8.9763 g
C. Wt. of empty flask = 28.0682 g
D. Wt. of flask plus sample = 30.4061 g
% THF Insolubles = (B-A/D-C) x 100% D:2
Sample Calculations for Determining Lignite Concentration
% THF insolubles (lignite concentration) 14.69
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Sample Calculations of Angular Velocity and Troque
Using sample 1 at 40 C and with the viscometer speed at 
100 rpm the angular velocity in units of rad/sec was given 
by:
_ 2ttN _ IOtt 
60 ~3~ D:3
The torque was calculated by knowing the full scale torque 
of the viscometer, and then calculated by the following 
equation:
T _ Avg.Reading x Full scale torque x Calibration factor x 10 n. /i
Reading at 100 rpm = 0.05
Full scale torque for Brookfield
Rheolog RVT system = 7187 dyne-cm
Calibration factor (spindle sc-28) = 0.88
The value of 10 in equation D:4 was because the range of the 
readout instruments was 0-10 millivolts rather than 0-100. 
Torque = 31.6 dyne-cm
Tables 16 and 17 summarizes the angular velocity and torque
for all the samples.
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CALCULATED ANGULAR VELOCITY AND TORQUE USING SPINDLE SC-27 
Angular velocity




1 55.0 30.5 12.2 6.1 —
2 73.3 36.7 18.3 12.2 6.1
3 122.2 67.2 30.5 12.2 6.1
4 128.3 79.4 30.5 18.3 12.2
5 140.5 73.3 30.5 18.3 12.2
6 146.6 79.4 30.5 18.3 9.2
7 274.9 134.4 48.9 24.4 12.2
8 397.1 195.5 79.4 42.8 18.3
9 653.7 342.1 146.6 85.5 55.0
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12.7 6.3 — —
19.0 12.7 6.3 —
25.3 12.7 6.3 —
31.6 12.7 6.3 —
31.6 12.7 6.3 —
50.6 19.0 12.7 6.3
63.3 25.3 12.7 6.3
95.0 44.3 19.0 12.7
193.4 82.2 44.3 25.3
80
Using sample 1 as an example, at an angular velocity of 
IOtt/3 rad/sec with spindle sc-28, the torgue as given in ta­
ble 17 was 31.6 dyne-cm. From table 11 the radius and 
height of the spindle were 0.469 cm and 3.175 cm. The shear 
stress was calculated using the equation:
x = — '— y D:52 nr h s
2Shear stress (x) = 7.20 dvnes/cm
Shear rate for a Newtonian fluid using spindle sc-28 is 
the spindle factor 0.28 multiplied by the rpm setting (N). 
The units for shear rate are sec 1 and for sample 1 measured 
at 100 rpm:
Shear rate (y) =28 sec"^
Viscosity is the ratio of shear stress to shear rate 
which is expressed mathematically as:
y = - Y D:6
Viscosity (U) = 0.257 poise = 25.7 centipoise
Tables 18 and 19 present the shear stress, shear rate, and 
viscosity for all the samples.
Calculations for Shear Stress, Shear Rate, and Viscosity
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CALCULATED VALUES FOR SHEAR STRESS, SHEAR RATE, AND 
VISCOSITY FOR SPINDLE SC-27
TABLE 18
Shear Rate 
sec"'*' 39 19 . 5 7.8 3.9 1 .95
No. T y X y X y X y X y
1 7.8 19.4 4.2 21.5 1.7 21.5 0.8 21.5 — —
2 10.1 25.8 5.0 25.9 2.5 32.3 1.7 43.1 — —
3 16.8 43.1 9.2 47.4 4.2 53.7 1.7 43.0 0.8 43.0
4 18.5 47.4 10.0 51.3 4.2 53.9 2.5 64.6 1.7 86.2
5 19.3 49.5 10.1 51.6 4.2 53.9 2.5 64.6 1.7 86.2
6 21.0 53.8 10.9 56.0 4.2 53.9 2.5 64.6 0.8 43.1
7 37.8 96.9 18.5 94.7 6.7 86.2 3.4 86.2 1.7 86.2
8 54.5 139.9 26.9 137.7 10.9 139.9 5.9 150.8 2.5 129’. 2
9 89.8 230.6 44.5 238.2 21.0 269.1 11.8 301.3 7.6 387.2
x = dynes/cm^ y = cent!poiseUnits :
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CALCULATED VALUES FOR SHEAR STRESS, SHEAR RATE, AMD 
VISCOSITY USING SPINDLE SC-28
TABLE 19
Shear Rate 
sec 28 14 7.8 3. 9 1 .95
No . T U T U T U T y T y
1 7.2 25.8 2.9 20.6 1.4 25.7 — — — —
2 10.1 36.0 4.3 30.9 2.9 51.4 1.4 51.4 — —
3 11.5 41.2 5.8 41.2 2.9 51.4 1.4 51.4 — —
4 14.4 51.5 5.8 41.2 2.9 51.4 1.4 51.4 — —
5 15.9 56.6 7.2 51.5 2.9 51.4 1.4 51.4 — —
6 23.1 82.4 11.5 82.4 4.3 77.1 2.9 102.9 1.4 102.9
7 25.9 92.6 14.4 102.9 5.8 103.0 2.9 102.9 1.4 102.9
8 43.2 154.4 23.1 164.7 10.9 194.5 4.3 154.3 2.9 205.7
9 79.3 283.1 41.8 298.6 18.7 273.4 10.9 298.6 5.8 297.9
2Units: t = dynes/cm
U = centipoise
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Calculation of Spindle Factors
Using a coaxial roto-viscometer, shear rates for Newtoni­
an fluids were easily calculated by multiplying the rpm set­
ting by a spindle factor. These factors were calculated 
from the general expression for shear rate which was as fol­
lows ( 29) :
Y = 1 ne 1 + 1 ne
dlnfl
dlnsb
+ (lne)2 . d2fl \ 
d(lnsb)2 /
( ( 1n £ J - 4 .  . d..̂  )  +
V 45fi d(lnsb)4 /
D:  7
For a Newtonian fluid:
dlnfl
dlnsb
Subs i tut ing:
ft = 2ttN60
D : 8
D :  9
Where: ^is the angular velocity in rad/sec 
Resulting:
tt N
Y = 30 * Tne 1 + lne
D :  10
Where: £ is the ratio of the radii of the cup and spindle
For sc-27: € = 1.449 therefore the spindle factor was . 39N
For sc-28: € = 1.817 therefore the spindle factor was . 28N
These are the factors given by the manufacturer.
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Calculation of Pressure Drop Using 
BernouTli's Equation
The pressure drop was calculated for the 29.5% 
slurry through the 1/2 inch pipe at 40 C with the f 
data given:
Length of pipe (L) = 270.4 cm
Diameter of pipe (D) = 1.582 cm
3Volumetric flow rate (q) = 79 cm /sec 
Viscosity (y) = 94.5 cP
Specific gravity = 1.1938
The following were calculated:
2 2Cross-sectional area of pipe: (r ) = 1.966 cm




Reynolds number: (N_ )Re
Friction factor: (f) 16/N 






The Bernoulli equation (equation 7:7) is as follows:
AP - h 
—  - hf
D: 11
Where: A P  = p -  p,cl D





Correction for Hydrostatic Pressure On 
Experimentally Measured Pressure Drop
The pressure lines were filled with water to prevent the
slurry from backing up into them. This created a hydrostat-
ic pressure that had to be corrected for when using a mercu­
ry manometer. This correction was made using the following 
equation (30):
AP a 9Rm(pH20 - pHg> 0:12
Where R : the manometer reading = 1.07 cm m 3: the density of mercury = 13.56 g/cm .
3P|_I2q : the density of water = 0.997 g/cm .
A p =
2
g : the a c c e l e r a t i o n  o f  g r a v i t y  = 980.7 cm/sec
4 2 1.32x10 dynes/cm
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Appendix E
STATISTICAL ANALYSES
Simple Linear Regression Analysis of Angular 
Velocity vs. Torque Data
Simple linear regression was used to calculate the v-inter- 
cept and correlation factor for each of the samples tested. 
It was also used to determine the interval for the two ex­
treme values for the y-intercepts of the 40% lignite sample.
2The y-intercepts, slope, correlation factor (R ), and resi­
duals for each of the samples were calculated. These we^e 
calculated using a computer curve fitting program and the 
procedure used by the programs can be found in Bethea et al. 
(31) .
As the y-intercepts for the 40% lignite sample were much 
larger than the rest these were tested by linear regression 
analysis. The y-intercept for the sc-27 spindle is used as 
an example. The procedure was as follows:
1. The model for simple linear regression was:
Y = B1X + BQ + E
2 . The y-intercept iioCQ 22.8 dyne-cm
3 . The slope (B^) = 60.38
4. The residual error (E) = 4.19
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s2 = 2 E.2/(n-2) = 5.85l '
0 (1/n + X2/ 2 (X. - X)2)S2 1^2 =1.570
Calculate the standard deviation for the y-intercept. 
SB
Find the critical value of t from tables at the 0.95 
confidence level with 3 degrees of freedom.
= 2.353c
The y-intercept interval was then calculated.
22.8 - (S_ ) (t ) ̂  Bn = 22.8 + sc )(t )BQ c 0 Bo c
19.11^ Bq = 26.49
Since zero does not lie on the interval this value is 
significantly different than zero at the 0.95 confi­
dence level. The same is true for the y-intercept 
for spindle sc-28 with 40% lignite.
Determination of the Statistical Interval for the y-intercepts-of Angular Velocity vs. Torque
The interval for the mean of the y-intercepts was calcu­
lated as follows:
1. State the hypothesis. u" = 0
2. Sum up the y-intercepts. x = 2x. =
52.62
3. Calculate the degrees of freedom. d.f. = n - 1 =
17
4. Calculate the mean. x" = x/n =
2.86
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2 °5. Calculate the variance. S^ = 2(x^ - x) /(n - 1) =
36.51
2 1 / o6. Calculate the standard deviation. S = (S ) ' ' =x v x
6.07
1/27. Calculate the mean standard deviation. S— = S /n' -X X
1.42
8. Determine the critical value of t at 0.95 confidence
level and 17 degrees of freedom. t =2.11c
9. Calculate the interval.
x - (tc)(Sx) ^ u ^ x  + (tc)(Sx)
-0.136 < u ^ 5.86
10. Since the interval includes zero the hypotheses that 
the true mean equals zero cannot be rejected at the 
0.95 confidence level.
t-Test for Evaluating Paired Observations 
The following procedure was used:
1. State the hypothesis. A P c  - A P m = 0
2. Calculate individual differences. D. - A P
3. Sum up the Differences. D = I D .1 = 16.416
4. Determine the degrees of freedom. N - 1 = 35
5. Calculate the mean difference. D = D/36 = 0.456
6. Calculate the standard deviation.
SD = 2(Di -D) 2/3 5 1/2 = 1.545
1/97. Calculate the mean standard deviation. S-̂  = S^/N = 
0.2755
Calculate the T statistic. T = D/S-̂  = 1.6558 .
90
9.
1 0 . 
11 .
Using the t table find the critical value of t
35 degrees of freedom at a confidence level of
t . ^ . , = 2.032c r i t i c a l
Compare T and t 1.655 < 2.032Cl1LlCal
Hypothesis cannot be rejected.
with
0.95.
Two-way Analysis of Variance for Pipe Size and 
Lignite Concentration on Measured Pressure Drop
The following procedure was used:












3. Sum up the total of Row or Column X.. = 364.97
4. Total Sum of Squares. SST = 2X2 .̂  = 10770.488
5. Mean Sum of Squares. SSM = X2. ./3 6 = 3700.086
6. Column Sum of Squares. s s c  = 2 X 2i /9 -SSM = 1870.580
7. Row Sum of Squares. SSR = 2X2j /4 -SSM = 3211.384
8. Error Sum of Squares.
SSE = SST - SSC - SSR - SSM = 1988.438
9. Determine the Degrees of Freedom.
dfm - 1
D F c  = 8DF = 3
DFe = 36 1 - 8 - 3 = 24
10. Calculate Mean Square. SS /i  = 3700.086 
SS /8 = 623.530
SSr /3 = 401.423 
SSe/24 = 82.852
11. Calculate F Statistic. Fc = SSC/SSE = 7.526
FR = s s r /SSe = 4.845
12. Determine critical values for F from tables at a 
confidence level of 0.95.
F8,24,0 -95 = 2 - 86 F3,24,0.95 = 3 - 01
13. Construct Analysis of Variance table. (Shown in Table 
9. )
15. Compare F and Fcr^t^ca  ̂ for both columns and rows.
Columns: 2.86 <( 4.845
Rows: 3.01 7.526
Both pipe size and lignite concentration have a signifi­
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